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ABSTRACT 


Although development of renewable energy sources (RES) projects is essential for the Greek national 
economy to revive, cut downs of public spends in Greece may equally well extend to affect RES support 
mechanisms. In this context, an integrated cost-benefit analysis is currently undertaken concerning 
RES investments in the Greek electricity sector. More specifically, social support compared with 
financial benefits accruing from such energy stations reveals hidden imbalances that urge for the 
reform of the current support status. Examination of representative case studies currently provided 
considers the three most widespread RES, i.e. wind energy, hydropower and solar energy, with special 
emphasis given on the determination of break-even feed-in-tariffs (FITs) and the comparison of life- 
cycle electricity production cost between RES and conventional power stations. 

© 2012 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Climax of economic crisis [1] in Greece during the recent 
period affects among others the electricity generation sector. 
To this end, due to the limited available financial resources and 
the significant cut down of public spends, the “social just” of 
public funds used by private investors for the development of 
renewable energy sources (RES) based projects is strongly ques- 
tioned. On the other hand, development projects are essential for 
the national economy to revive, while the problem becomes even 
more serious for the local energy authorities in case that the 
obligation of Greece to comply with certain RES and CO, targets 
[2,3] is also considered. More specifically, gross electricity gen- 
eration based on RES, requested to reach 40% of the respective 
national gross electricity generation by 2020, has only been kept 
within the range of a long-term 10-13% (Fig. 1), mainly config- 
ured by the participation of large hydro generation. At the same 
time, according to the latest official data [4], RES electricity 
generation reached during 2009 a total amount of only 8 TWh, 
with the respective national total exceeding 65 TWh. 

In this context, taking into account that the mean annual increase 
of electricity generation in the forthcoming years is expected - due to 
the impacts of economic crisis [5,6] - to drop to 1-1.5% or even turn 
negative (opposite to the long-term mean annual increase of approxi- 
mately 3.5%, see also Fig. 1), the RES electrical energy production to 
be achieved by the year 2020 should according to the estimations [7] 
exceed 25 TWh and may reach 30 TWh, i.e. more than three times the 
current gross RES electricity generation. 

In this regard, in order to achieve the national RES targets and 
structure a secure and at the same time socially fair investing 
environment that may attract private funds, an integrated cost- 
benefit analysis is currently developed, aiming at the reform of 
RES State support in Greece [8], following also the ongoing 
discussion in several countries regarding the effectiveness of 
State support measures [9-15]. To this end, a number of repre- 
sentative case studies, covering both the mainland and the island 
region of the Greek territory are currently examined, focusing on 
the three most widespread RES of the local market, i.e. wind 
energy, hydropower and solar energy. 


2. RES contribution in the Greek electricity generation system 


The electricity generation system of Greece is divided in two 
main areas, i.e., the mainland and the island subsystem. As far as 
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the mainland (national) electricity grid is concerned, centralized 
power generation based mainly on the indigenous lignite reserves 
should be considered. On the other hand, the numerous isolated 
electrical grids of the island region (35 autonomous power 
stations (APSs) operating), on top of the Crete island, rely mainly 
on oil imports [16]. More precisely, national long-term depen- 
dence on fossil fuels is presently reflected by the employment of 
approximately 6.1 GW of steam turbines, principally using local 
lignite reserves [17,18] as well as heavy oil imports, 2.3 GW of 
combined cycle power plants using imported natural gas (NG), 
and a total of 1.3 GW of oil based-generation (gas turbines and 
internal combustion engines), mainly used for covering the great- 
est share of electricity consumption in the Aegean island micro- 
grids [16]. 

Additionally, the mainland electricity grid is also supported by 
the operation of large hydropower plants [19] that exceed 3 GW 
and is used as peak shaving units (including two pumped hydro 
units of almost 700 MW). Besides that, the contribution of RES 
mostly derives from wind energy applications (currently over 
1.65 GW) [20], while a small proportion corresponds to small- 
hydro [21], biogas and industrial waste installations (a total of 
350 MW), with photovoltaic (PV) plants approaching 1 GW. 

Following, as far as the energy contribution of RES installations 
is concerned, as already mentioned, of critical importance is the 
operation of large-hydro plants that have during the past allowed 
for the total RES share to reach a maximum of 14%, while the 
respective wind energy share is at the moment equal to approxi- 
mately 5% of the total gross electricity production. On the other 
hand, existence of excellent RES potential [16,19] in many regions 
(Fig. 2) and especially in island areas (except from hydro), further 
aggravates the situation encountered, e.g. excellent wind poten- 
tial met in many islands remains largely unexploited [22]. In fact, 
if excluding certain island areas (e.g. Crete, where the installed 
wind power capacity has exceeded 160 MW), a maximum of 
10-15% of RES energy contribution is met across the Aegean Sea, 
although the extremely high electricity production cost of these 
grids [16] (even approaching 1 €/kWh; Fig. 3) justifies the 
installation of large-scale RES capacity, even if energy storage or 
demand response measures are required to sustain demand 
satisfaction [23-25]. The use of lignite on the contrary is the 
main factor for the configuration of the mainland marginal 
production cost, yielding that half the year the cost of electricity 
is kept under 70 €/MWh and 90 €/MWh for the 2 years examined 
in Fig. 4, depending on the specific year’s annual fuel mix. 
Nevertheless, if the 2020 national target is to be achieved, the 


Time Evolution of the National Gross Electricity 
Generation Fuel Mix (1990-2009) 


O Natural Gas 
@ Hydro 
E Net Imports 


@ Lignite 
E Oil 

© Wind 
E Others 


Gross El. Generation (GWh) 


OD oS o_O of © © 
DOO GD” GD" GD” oO 
NENNEN ENCINO 


Fig. 1. Time evolution of the Greek electrical fuel mix. 
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WIND & SOLAR ENERGY IN GREECE 
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Fig. 2. Aspects of the wind-solar (a) and hydro (annual mean precipitation values in mm H20 for the 1950-2001 period) (b) potential in Greece. 


role of lignite should be downgraded, with estimations [7] 
concerning RES contribution to the national gross electricity 
generation of the time yielding approximately 35%. That means 
that more than 25 TWh of RES production per annum should be 
achieved, with the additional RES capacity required expected to 
range between 7 and 8 GW.. In terms of cost, the numbers 
mentioned above correspond to the investments that may reach 
10 billion Euros which according to the current status of support 
mechanisms imply State support in the order of 3-4 billion Euros. 

Realizing the magnitude of investments as well as the magnitude 
of public spends required to finance the respective projects, the 
question of the social support repayment by the operation of such 
RES power stations should be answered. In this context, an inte- 
grated cost-benefit analysis is required to designate imbalances, 


attributed either to the side of the society (i.e. benefits accruing from 
the operation of RES projects exceed public spends for their support) 
or to the side of the RES developers (i.e. social support offered to RES 
projects cannot be compensated). 


3. Social support offered to RES-based power stations 
3.1. Energy and power production of RES stations 

Installation and operation of a RES power station target first at 
the maximum exploitation of the local RES potential through the 


generation of electrical energy “E” and second at the support of 
the local electricity grid via the provision of power “Nmax”. 
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Aegean Sea Islands Electricity Production Cost (2005) 


Syros Lesbos 


— verysmall _,. small 
islands islands 


£ 

1 - 
Z 
© x 
3 0B ::4ess sss se8 2ececs Besess sesece. See 
w, x i 
i oa x — Ericousa , 
O OG estas ene ote eee se cn ees ees 
= a Megisti Astypalea 
Q i i 
g 04t- spt o woo Sifnos; ~ 
= Me 7 1 
O 1 x 
à 0.2 +---------------- pardo cyan en 
2 i 
@ o0; i 
a 01 1 


—»- medium 


size islands 


Peak Load Demand (MW) 


Fig. 3. Classification of the Aegean islands’ electricity production cost by scale. 


Annual Duration Curves of the Mainland Grid 
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Fig. 4. Duration curves of the marginal electricity production cost for the Greek 
mainland. 


Concerning the first, the energy yield of a RES-based power 
station (rated power “Nọo”) is normally expressed via the following 
relation: 


E=8760-CF-No—6E (1) 


where “CF” is the corresponding capacity (or utilization) factor of 
the installation and “dE” describes the line transmission and 
transformation losses, as well as any self-consumption of the 
power station on an annual basis. More specifically, “CF’ can be 
expressed as the product of the mean technical availability factor 
“A” and the mean power coefficient “œ” of the installation [26], 
i.e. 


CF=A-w (2) 


en 


The mean power coefficient “wm”, expressing the yearly- 
averaged energy production during an hour per kW of nominal 
power of the station, takes into account the local RES potential 
and the capability of the installed equipment to exploit it. 
Accordingly, the technical availability factor “4” is associated 
with the period of the year that the RES-based power station is 
fault- and maintenance-free, taking also into account the inter- 
action with the local electrical network and the corresponding 
absorption of energy yield. 

In this context, in Fig. 5 one may obtain the time evolution of 
“CF” for wind parks and small hydropower stations operating in 
the Greek territory. According to the data presented, it accrues 
that wind parks of the Greek region operate at a long-term mean 
annual “CF’ of 30%, with the respective value for small 


Time Evolution of Greek RES Installations Capacity Factor 
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Fig. 5. Time evolution of the mean annual CF for wind and hydropower applica- 
tions in Greece. 


hydropower installations estimated to exceed 35%. Furthermore, 
although the operational experience recorded for PV installations 
is comparatively limited, rough “CF” values for the Greek territory 
range between 15% and 20%. 

Following, due to the intermittent or even stochastic behavior 
of RES power stations [27], the resulting guaranteed power output 
“Ng” provided to the local grid is configured by a mean annual 


percentage “o” of the respective maximum power output “Nmax”, 
defined by the 2244/94 Law, e.g. ¢=0.5 for wind parks i.e. 


Ng=o-Nmax where Nmax < No (3) 


3.2. Brief presentation of the initial cost subsidy opportunities 


The Greek State, following the general EU directions, charac- 
terizes RES-based investments as environmentally friendly energy 
solutions that may contribute to national development. In this 
context, it encourages implementation of similar projects by 
private investors since 1985/1994 (Laws 1559/85 and 2244/94) 
and provides actual support on the basis of several financing 
schemes [3,28,29]. More precisely, all the RES-based projects may 
be approved for subsidy under several development laws (since 
1982), according to which every similar effort could be subsidized 
by a remarkable portion “y” of its initial capital to be invested 
“IC”. To this end, “y” takes values from 30% to even 55% in special 
cases. Besides that, the State also guarantees the loan of the 
potential investor, thus contributing directly in covering the 
corresponding capital cost, while alternatively one RES-based 
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project may be also submitted for financial support to the 
National Competitiveness Program (EPAN), operated by the 
former Ministry of Development and the EU (FTP6/FTP7). For all 
these cases the private investor takes advantage of a remarkable 
contribution on the initial capital to be invested “/C,”, which may 
be expressed as 


IC; =y-ICo (4) 


thus, the first part “pı” of the specific financial support (per kWh/ 
MWh of electricity produced during the year “j”, ie. “Egy’) 
provided to the RES power station via the initial cost subsidy 


can be expressed using the following relation: 


ICy-A+i) y ICo 
Nmax Eg) — Nimax Ej 


Pi) = “(1+i) (5) 
where “nmax” describes the service period of the installation and 
the term (1+i) is used to transfer the value of the capital cost 
subsidization at the specific year “j”, on the basis of the corre- 


sponding capital cost index “i”. 


3.3. The feed-in-tariff (FIT) mechanism 


Another, even more supportive mechanism of RES-based 
applications, is the so-called “feed-in tariff’ (FIT), used in several 
countries [30-32] in order to compensate for the electricity 
provided to the grid by RES-based power stations. What the term 
actually describes is a per kWh payment for electricity produced 
by RES, configured mainly on the basis of technology, geographi- 
cal location and installation size [33]. High FITs are usually 
provided to less cost competitive and less mature technologies 
in order for innovation to be encouraged, while similarly, less 
developed locations such as isolated island grids and smaller scale 
applications are usually favored with higher prices. At the same 
time, reinforcement of the FIT mechanism is guaranteed on the 
basis of Power Purchase Agreements (PPAs). PPAs comprise legal 
contracts between the RES electricity generator and the power 
purchaser (i.e. the Greek National Electricity System Operator or 
the Public Power Corporation for the islands) and are often 
regarded as a key element for the potential investor to secure 
project financing. 

According to the scheme presented above, the National Electri- 
city System Operator of Greece guarantees the absorbance of the 
RES-based electricity generation, in priority, for the next 10+10 
years and for a predefined price “po” related with the electricity 
generation cost of the entire system. Regarding RES applications in 
Greece, prices are configured according to the latest re-assessment 
(February 2010) of the 3468/2006 Law rates, see also Table 1, while 
what should also be mentioned is the obligation of the local network 
manager to absorb the RES-originated electricity generation, exclud- 
ing the case that the technical minima of the system are violated 


Table 1 
Old and new FITs concerning RES power stations in Greece. 


[34]. On the other hand, in island autonomous electrical grids, 
severe RES energy participation limits (especially for wind power) 
set by the local network operator - in an attempt to protect the grid 
reliability and stability - have up until recently constrained the 
participation of RES energy at the levels of 10-15%. Contrariwise, 
excellent RES potential in most of these areas (Fig. 2) in combination 
with the extreme electricity production cost of the oil-based power 
stations, at the range of 250 €/MWh on average (Fig. 3), still 
challenge new RES investments in these locations. 

In this context, compensation of RES energy produced and 
delivered to the local grid (per kWh/MWh) comprises the second 
component of social support for RES investments “p2” (Eq. (6)), 
being actually based on the station’s annual revenues “R” (Eq. (7)) 


Ro d+e+— o A Nmax |. 1 +ený 6 
P0 = Ep = Po t t CF; 8760 2 No Pn’ TEN ( ) 


The total revenues for a specific year “j” - resulting from the 
operation of a RES power station - derive from the energy 
production sold to the national/local electrical grid, while it 
should be mentioned that for certain RES projects implemented 
before the Law 3468/2006 there was a monthly compensation for 
the power added to the local network, only for the interconnected 
electrical system. Thus, the income of the RES power station 
during the year “j” can be given from the following equation: 


12 
Ry = Ej Po A+ey + (« Nn ‘Dy'(1+eny (7) 
i= 
where “po” and “py” are the energy price (€/kWh) and the power 
remuneration per month (€/kW/mo, currently zeroed) at the start 
of the operation of the investment. Also, “e” and “ey” are the 
corresponding electricity price and electrical power compensa- 
tion (average) annual escalation rate, respectively, while “Nmax” is 
the maximum output power of the station for every month of the 
year and “g” is the average power contribution factor of the RES 
power station to the local grid, e.g. c=0.5 for wind parks. 


3.4. Other forms of RES support 


Finally, as already implied, the intermittent or stochastic 
behavior of RES power stations may induce both instability and 
security of supply problems, especially in the case of small-scale 
island networks where grid imbalances are harder to handle. 
Furthermore, priority given to the absorption of RES energy 
production forces thermal power stations to adjust their opera- 
tion accordingly [34]. 

Hence, there is an indirect support offered to RES power 
stations by both the electricity grid that addresses intermittent/ 
stochastic energy production issues and the thermal power 
stations that are obliged to adjust to a different operation pattern 
(other than the optimum). Thus, although hard to quantify, the 


Updated FITs (2/2010) 


Wind power PV applications 


Hydropower 


Mainland Islands Offshore Mainland <5 MW Islands <5 MW 


Mainland >5 MW Islands > 5 MW Mainland <15 MW Islands <15 MW 


87.85 99.45 104.85 264.85 284.85 244.85 264.85 87.5 99.45 
Old FITs (2006) 
Wind power PV applications Hydropower 
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third component of social support “p3” (Eq. (8)) is actually 
referring to the aforementioned auxiliary services 


P30) = Paux; (8) 


4. Financial benefits from the operation of RES-based power 
stations 


4.1. Substitution of the fossil-fuel based power stations’ operation 


Substitution of the already operating thermal/autonomous 
power stations (TPSs-APSs), either in the mainland or in island 
regions, suggests the first source of financial benefits for the 
operation of RES-based power stations. In this context, as 
previously implied, the specific benefit component is of special 
importance for island areas, especially those of small scale [35]. 
Electricity generation in these isolated electrical grids is largely 
based on volatile-priced oil imports and relatively outmoded 
generators that require considerable maintenance [16]. As a result 
the electricity production cost is quite high (Fig. 3), thus providing 
extra motives for the installation of on-site RES-based power 
stations. Contrariwise, the mainland electricity generation yields 
a considerably lower electricity production cost, mainly due to 
the exploitation of “cheap”, indigenous lignite reserves [17] 
(Fig. 4), in many cases beating the respective production cost of 
RES installations. On the other hand, capacity of the intercon- 
nected system permits large-scale penetration of RES [36], 
required to achieve the European targets. Concluding, the savings 
of the local electricity grid are mainly configured by the operating 


“nn 


cost ‘ce’ of the TPS/APS replaced (mainly fuel and lubricants 
saving, service avoidance etc.) and a small ( ~ 5%) percentage ‘“é“ 
of the constant cost reduction (e.g. service period prolongation of 


the local TPS/APS), i.e. 
Cry = Cfa t č: (cres —cro ) (9) 


with “Crps” being the total electricity generation cost of the 
replaced TPS/APS. 


4.2. Taxation fees 


A second source of financial benefits concerns taxation, cur- 
rently including both the annual tax paid on the basis of net cash 
flows and the provision of a fixed revenues’ fraction to the 
municipality where the RES power station operates. More pre- 
cisely, according to the current legislation framework (Law 2773/ 
99) [3], a supplementary amount from the investment revenues 
“ôr” (€/kWh or €/MWh) is directly transferred to local munici- 
palities existing in the surroundings of the RES station, defined as 
a fraction “ôp.Rg’, where dp ~ 2-3% 
bry = P0 -öp pote) (10) 

o) 
while in order to obtain a clear cut picture of the amount that a 
RES investment returns to the national economy, one should also 
estimate the corresponding annual tax paid “®j;)’. Actually, “yy” 
describes the tax paid during the “j” year, mainly due to the 
revenues of the previous year Rg-1). According to the Greek tax- 
law, “g depends on the law-defined tax-coefficient “o” 
(e.g. op =30%), the net cash flow of the “j-1” year, the investment 
depreciations, as well as the financial obligations of the enterprise 


[26]. More precisely, 
Di = py Rg- -ôP Rj- —FCg—-1 -VCg_a-—CAg_1)—Varg_a)] AD 


where “CA” describes the initial capital depreciation and may be 
simulated using a simple constant annual investment depreciation 


model as 


IC; ICG IC} IC 
CAg = (1-7): 7 - > i | (12) 


with “JC,” and “ng” describing the initial cost and the corresponding 
(law-defined) amortization period of the “k” category of the invest- 
ment capital (i.e. electrical, electronic, mechanical equipment, civil 
engineering works, managerial-consulting services, etc.). 
Additionally, in Eq. (11) the term “Var” includes any additional 
cost not described by the other terms, like financial obligations, 
unexpected expenses, etc. (currently, however, taken equal to 
zero), while the terms “FC” and “VC” refer to the fixed and 
variable component of the maintenance and operation (M&O) 
cost, analyzed in Section 5. According to the above presented 
analysis, the total amount paid by the private investment “ôg” 
(€/kWh or €/MWh) on the basis of annual tax is estimated as 
Bo 
al (13) 
while the overall taxation component “ôt”, including also the 
local municipality tax, is given on the basis of Eqs. (10) and (13) as 
OP@y Ro 90 ap poa +ej+ ŽO 14) 
Ep Ei EW 


4.3. Avoided social costs-I (fuel imports and carbon dioxide tax) 


Furthermore, among the main benefits of the RES-based 
applications one may mention the imported fossil fuel reduction 
“ôf” and the avoidance of carbon dioxide related taxes “ôcd” [37], 
both included in the avoided social costs’ (or social benefits’) 
component. 

Note that Greece imports annually more than 200 million 
barrels of oil equivalent (including NG, electricity etc.). In this 
context, the annual oil saving due to the operation of the RES 
power station may be estimated via the efficiency “na” of a typical 
TPS/APS and the corresponding specific calorific value “H,” of the 
fossil fuel consumed using the following relation: 

EW 
Mfo = na Hu (15) 


The corresponding annual cost savings due to the fuel imports 
avoidance may be calculated as 


AC i) = Mfo ` Ej Pruel,, (16) 


with “Prue: being the average fuel price during the year “j” and 
“C“ being the appropriate coefficient that relates, e.g. the diesel 
and heavy-oil quantities consumed with the corresponding 
imported crude oil quantities. Subsequently, the annual equiva- 
lent carbon dioxide emissions avoided due to the operation of RES 
power stations may be estimated using the corresponding carbon 
dioxide emission coefficient [37] of the replaced TPS/APS ‘“‘eco2” 
(e.g. 0.5-1.3 kg CO2/kWhe) as 


ÒCO2) = EG “ECO (17) 


Hence, the carbon dioxide cost avoided is given via the equivalent 
average specific price “tco2” using the following relation: 


ATG) = CO2) tco (18) 
4.4. Avoided social costs-II (other externalities) 


Finally, investigating the environmental and macroeconomic 
impacts of the RES-based power stations one should also take into 
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consideration several important parameters, described in various 
international [38-42] and national [43] studies, like the air 
pollution reduction, the infrastructure improvement, the GDP 
increase, the energy supply security as well as the noise and 
visual impacts [44], etc. In this context, in the present analysis 
one eventually takes into consideration the so-called ‘‘external- 
ities” contribution by introducing the corresponding net external 
cost “Cex” (€/MWh) in the proposed analysis [45]. As a result of the 
analysis undertaken in Sections 4.3 and 4.4, the total social 
benefits for each MWh of electricity produced by the RES based 
power station “ôx” can be described by the following relation, i.e.: 


Gj "Pfuelyy 
Na Hu 


OX yy) = Of jy) +OCdy + Cox; = + ECO *CCOs9, + Cex (19) 


5. Electricity production cost of RES-based power stations 


According to previous analyses by the authors [26,46], the 
present value of the investment cost of a RES installation (after -j 
years of operation) is a combination of the initial cost and the 
corresponding M&O cost. The initial cost includes the market 
price of the electromechanical equipment (usually ex-works), the 
civil engineering activities and the corresponding balance of plant 
(BOP) cost. Thus one may write 


ICo = Pr: No Hf -Pr-No =Pr-No:(1 +f) (20) 


where “Pr” is the specific ex-works price (€/kW) of the technology 
used. Subsequently, “f’ expresses the installation cost (e.g. elec- 
trical interconnection cost, access tracks, development cost, etc.), 
which is given as a fraction (f~5-50%) of “Pr”, with “f-Pr.No” 
being the BOP cost. Moreover, the M&O cost can be split into the 
fixed “FC” and the variable one “VC”. Expressing the annual fixed 
M&O cost of the year “j” as a fraction “m;” of the investment 
installation cost and assuming an average annual increase equal 
to “Zm”, the value of “FC” is given as 


FC = mj:ICo: (1 a = mj:Pr-No-(1 +f): (1 re A (21) 


while the respective cumulative M&O cost after -j years of 
operation is given - in present values - as 


FC mdc tEn 4 (At8m\ y... g (14E "| (148V 
j AFi T+i T+i Dor 
(22) 


Finally, the variable M&O cost “VC” [26] currently neglected, 
mainly depends on the replacement of specific major parts of the 
installation, which may have a shorter lifetime than the complete 
power station and are normally replaced during certain years of 
the operational life of the installation. Using the above analysis 
and considering that the RES system operates for “j” years, one 
may estimate the corresponding total operational cost by com- 


bining the initial cost and the fixed and variable M&O cost, i.e. 
CGj=1Co: (1 y)+FG; t VG Y; (23) 


To this end, in Eq. (23) “Y;” represents the residual value of the 
investment, attributed to amounts recovered at the “jth” year of 
the RES system service period (e.g. value of land or buildings after 
decommissioning, scrap or second hand value of equipment, etc.), 
along with the experience gained and the corresponding techno- 
logical know-how. 

Lastly, taking also into account the analysis presented in [47], 
concerning the current electricity marginal production cost “ce”, 
one gets the following Eq. (24), provided that the “VC” term of Eq. 
(23) is neglected and that the net present value of the investment 
becomes equal to the corresponding residual value (NPV=Y;,, 


where Y; may be equal to zero) after -j years of operation, i.e. 


_ dCo: (1—y) + FC) -(z-1) 


5 24 
i E-z: (zi—1) (2a) 
where “z” is given by the following equation: 
1+e 
z= Thi (25) 


and “e” is the mean annual escalation rate of electricity price, 
e.g. e=3%. 


6. Cost-benefit analysis 


Using the analysis of Eqs. (1)-(6), the total support offered by 
the society to the RES station each time under investigation may 
be expressed on the basis of the “p,” term (€ per kWh/MWh of 
electricity produced) 


Ra yI +i 
Pry = P1, +P2, +P3, = Eo Ta 


Nmax * Egy ae ve) 

In this context, the additional cost (or gain) of the national 
economy due to the operation of the RES power station instead of 
the TPS/APS is expressed via the following relation: 


AD Gy = Pry Cto (27) 


On the basis of Eq. (27), if “Ap” is positive the RES-based 
power station surcharges the national economy for every kWh/ 
MWh produced, while in case that “Ap” is negative the power 
station saves the corresponding amount in comparison with the 
operation of the existing TPS. 

On top of “Ap”, of special interest is also the difference of the 
electricity production cost “Ac” between the existing TPS/APS and 
the RES station each time examined, which can also be directly 
compared with the corresponding FIT value so as to examine 
whether the RES station is favored by or favors the network 
operator, in strictly operationally financial terms 


Aci) = CTPS — Cep (28) 


Finally, evaluation of the private RES energy investments from 
the local economy point of view should also incorporate, on top of 
the comparison of Eq. (27), the additional terms of Eqs. (14) and 
(19), thus one may write 


AP% = Pry Cta ti OX (29) 


where “Ap*” provides the overall result of the cost-benefit 
analysis, which if zeroed (i.e. benefits of the station balance the 
society costs) on the basis of the FIT variation, may produce the 
break-even feed-in-tariff (BEFIT) value “po” 


Po = Pò > Api, =0 (30) 


In this context, if the BEFIT “pj” is found greater than the 
existing FIT “po”, the operation of the RES installation examined 
favors the local society without being fully compensated on the 
basis of FITs, while the opposite is valid in case that the BEFIT is 
lower than the existing FIT, i.e. the State provides FITs that 
surcharge the local economy in favor of RES promotion. 


7. Application results for the Greek territory 
7.1. Description of representative case studies 
The developed cost-benefit methodology, presented in Section 


6, is accordingly applied for a number of representative case 
studies, considering all three technologies under examination and 
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taking into account the differentiation of support mechanisms 
between both mainland/island and large/small scale installations. 

In this context, the size of the installations examined is 
configured so as to both establish a comparison basis between 
different technologies of more or less identical capacity (large, 
medium and small scale projects) and draw the lines among the 
enforcement of different FITs. Furthermore, to obtain a first 
evaluation concerning the social performance of RES projects in 
the Greek territory, the areas of installation considered in each 
case mainly correspond to typical CFs (see also Fig. 5), character- 
istic of the already operating projects. 


Table 2 
Input data for wind energy and hydropower projects. 
Wind mainland 


Problem input Wind mainland 


Wind big Wind small Hydro mainland Hydro mainland 


In the case of PV installations, however, due to the lack of 
adequate operating experience recorded in Greece, the high 
quality solar potential of the entire Greek region allows for the 
adoption of analogous CFs. According to the data of Tables 2 and 3, 
the case studies currently examined include areas of both mainland 
and island regions. More specifically, in the case of mainland, distinct 
examination is attempted between the indigenous lignite-based 
power production and the imported-NG-based electricity generation, 
while in the case of island regions, a large-scale and a medium-scale 
island are currently considered, allowing for the incorporation of 
different electricity system characteristics as well. 


Hydro big Hydro 


parameter (lignite) (natural gas) island island (lignite) (natural gas) island small 
(e.g. Crete) (e.g. Anafi) (e.g. Crete) island 
(e.g. Anafi) 

First installation cost 30 30 40 40 30 30 40 40 
subsidy “y” (%) 

Coefficient of power 0.3 0.3 0.35 0.35 0.29 0.29 0.29 0.29 
“ay” 

Technical availability 95 95 90 90 90 90 90 90 
“A” (%) 

Specific (reduced) ex-works price 750 750 800 1000 1500 1500 1600 1700 
“Pr” (€/kW) 

Nominal power of the plant “No” 15 15 10 0.5 15 15 10 0.5 
(MW) 

Installation cost coefficient 20.0 20.0 25.0 30.0 30.0 30.0 32.5 35.0 
P’ (%) 

Fixed M&O cost coefficient “m” (%) 3.00 3.00 3.25 3.50 1.50 1.50 2.25 2.50 

Annual increase rate of the fixed 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
M&O cost 
“Zm” (%) 

Energy price (FIT) 87.85 87.85 99.45 99.45 87.50 87.50 99.45 99.45 
“Po” (€/MWh) 

Power compensation per month (0) 0 0 0 0 0 0 0 
price 
“Pn” (€/MW mo) 

Annual increase rate of energy price 5 5 5 5 5 5 5 5 
“e” (%) 

Annual increase of power 5 5 5 5 5 5 5 5 
compensation price “ey” (%) 

Average power contribution factor 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
to the local grid “o“ 

Taxation coefficient “g” (%) 30 30 30 30 30 30 30 30 

Share of revenues towards local 3 3 3 3 3 3 3 3 
municipalities 
“dp” (%) 

Amortization time 10 10 10 10 20 20 20 20 
“n” (years) 

Thermal power station efficiency 30 40 34 33 30 40 34 33 
“na” (%) 

Fuel calorific value 6 47 40 40 6 47 40 40 
“Hu” (MJ/kg) 

Imported fuel price 0 45 50 50 0 45 50 50 
“Pruei” (€/bb1) 

Carbon dioxide emission factor 1200 500 840 800 1200 500 840 800 
“€co2” (kg/MWh) 

Carbon price “tco2” (€/tnco2) 15 15 15 15 15 15 15 15 

Auxiliary service price 
“Paux” (€/MWh) 

Service period of the installation 20 20 20 20 35 35 35 30 
“Tmax” (years) 

Thermal power station operating 30 50 80 230 30 50 80 230 
cost “cf” (€/MWh) 

Service period prolongation 0 0 0.05 0.05 0 0 0.05 0.05 
coefficient č 

Electricity production cost of TPS/ 70 100 160 500 70 100 160 500 
APS “Ctps” (€/MWh) 

Net external cost 70 10 47.5 44 70 10 47.5 44 


“Cex” (€/MWh) 
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Table 3 
Input data for PV projects. 
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Problem input parameter Large scale- Large scale- Large scale- Small scale- Medium? scale- Medium? scale- Medium? scale- 
mainland (lignite) mainland big island small island mainland mainland big island 
(natural gas) (e.g. Crete) (e.g. Anafi) (lignite) (natural gas) (e.g. Crete) 

First installation cost subsidy “y” (%) 40 40 45 50 40 40 45 

Coefficient of power 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
“ay” 

Technical availability 95 95 95 95 95 95 95 
“A” (%) 

Specific (reduced) ex-works price 4000 4000 4000 4500 4200 4200 4200 
“Pr” (€/kW) 

Nominal power of the plant 15 15 10 0,5 5 5 2 
“No” (MW) 

Installation cost coefficient 10.0 10.0 15.0 20.0 10.0 10.0 15.0 
“f” (%) 

Fixed M&O cost coefficient 1.00 1.00 1.30 1.50 1.00 1.00 1.30 
“m” (%) 

Annual increase rate of the fixed 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
M&O cost “Zm” (%) 

Energy price (FIT) 244.85 244.85 264.85 284.85 264.85 264.85 284.85 
“Po” (€/MWh) 

Power compensation per month 0 0 0 0 0 0 0 
price “py” (€/MW mo) 

Annual increase rate of energy price 5 5 5 5 5 5 5 
“e” (%) 

Annual increase of power 5 5 5 5 5 5 5 
compensation price 
“en” (%) 

Average power contribution factor to 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
the local grid “o” 

Taxation coefficient 30 30 30 30 30 30 30 
“o” (%) 

Share of revenues towards local 2 2 2 2 2 2 2 
municipalities 
“dp” (%) 

Amortization time 15 15 15 15 15 15 15 
“n” (years) 

Thermal power station efficiency 30 40 34 33 30 40 34 
“ng” 

Fuel calorific value 6 47 40 40 6 47 40 
“Hu” (MJ/kg) 

Imported fuel price 0 45 50 50 0 45 50 
“Pruer” (€/bbl) 

Carbon dioxide emission factor 1200 500 840 800 1200 500 840 
“&co2” (kg/MWh) 

Carbon price “tcoz” 15 15 15 15 15 15 15 
(€/tnco2) 

Auxiliary service price “Paux” 0 0 5 5 0 0 5 
(€/MWh) 

Service period of the installation 25 25 25 25 25 25 25 
“Nmax” (years) 

Thermal power station operating cost 30 50 80 230 30 50 80 
“cf” (€/MWh) 

Service period prolongation 0 0 0.05 0.05 0 0 0.05 
coefficient č 

Electricity production cost of TPS/APS 70 100 160 500 70 100 160 
“Cips” (€/MWh) 

Net external cost “Cex” 70 10 47.5 44 70 10 47.5 
(€/MWh) 


* Plus extra case studies. 


7.2. Cost—benefit analysis for representative case studies 


Some preliminary cost-benefit results are given in Figs. 6 and 7, 
where one may encounter an analysis of State support (Fig. 6) and 
the respective analysis of benefits accruing from the operation of the 
RES power station for each case study examined (Fig. 7). 

According to the results of Fig. 6, State support provided (see also 
Eq. (26)) to wind energy and hydropower projects does not exceed 
130 €/MWh in all cases examined, while in the case of PV installa- 
tions State support may even cap 350 €/MWh. Concerning wind 
energy, costs induced by the operation of such stations present only 


a slight differentiation and are more or less independent from the 
case study examined. However, financial support offered to island 
projects is clearly higher than the respective of mainland installa- 
tions, due to both the different FIT and the different initial capital 
per kW invested (economies of scale imply higher specific price for 
smaller installations and installation areas of different infrastructure 
characteristics means variation of the first installation cost coeffi- 
cient “f’), influencing the initial cost subsidy. 

Similar are the results obtained for hydropower stations, with 
the higher cost case appearing for small-scale island installations 
(which are, however, limited due to poor water reserves of most 


Financial Support (Euros/MWh) 
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Comparative Analysis of State Support for the Operation 
of RES Installations in the Greek Territory 
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Fig. 6. Analysis of social support (costs) for representative case studies of the Greek territory. 


Comparative Analysis of Financial Benefits from the 
Operation of RES Installations in the Greek Territory 


487 


@ Total Tax 
@ Total Social Cost Avoided 
Total TPS (APS) Cost Avoided 


Financial Benefits (Euros/MWh) 
N 
a 
oO 


Mainland LGN Mainland NG 


Wind |Hydro| PV | Wind |Hydro| PV | Wind |Hydro| PV 


Wind | Hydro| PV 


Big Scale Island Small Scale Island 


Fig. 7. Analysis of social benefits for representative case studies of the Greek territory. 


Greek island regions) and the difference - in comparison with 
wind farms - imposed by the comparatively higher specific 
(reduced) ex-works price “Pr”. Finally, the fact that PV stations 
are benefited by the higher social support is first owed to the 
favorable FITs and second to the heavy ex-work price of PV 
modules. Actually, as one may see, the compensation of solar 
energy production (i.e. the FIT offered) varies between 77% and 
81% of the total social support, while the initial cost subsidy 
ranges from 17% to 22%, opposite to the wind energy and hydro- 
power installations, where the respective maximum does not 
exceed 8.5% and 15.1%, respectively. 

Following, results appearing in Fig. 7 give a first indication of 
financial benefits (see also Section 4) accruing from the operation of 
RES stations. A quick conclusion drawn from the figure encounters 
the indisputable financial advantage in case that similar stations are 
operated in small island regions of the Greek territory, i.e. where 
the remarkably high production cost of the oil-based electricity 
generation solutions avoided is actually much higher than (or even 
to) the total benefits obtained for mainland and big island applica- 
tions. On the other hand, the most critical factor of mainland 
applications is the avoidance of social costs (Eq. (19)), the share of 
which maximizes in the case of lignite-based stations, exactly due 
to the heavier emissions entailed. Contrariwise, imports of NG 
imply higher operational cost for the respective stations (Eq. (9)), 


which is, however, kept lower than the operational cost of even big 
island electrical systems. Finally, taxation (Eq. (14)) is found in all 
cases examined below 8% of total benefits, largely depending on the 
FIT and the energy production variation configuring the revenues of 
the installation. 

Besides that, the overall benefits are - in the case of mainland - 
found to be of the same magnitude for all technologies examined, 
i.e. within the range of 120-150 €/MWh, while the same behavior 
may be encountered for the island area as well, with values that are, 
however, somewhat higher (approximately 250 €/MWh and 400 €/ 
MWh for big and small islands, respectively). 

Finally, by directly comparing costs and benefits (Eq. (29)) for 
the cases examined, it becomes clear that all wind energy and 
hydropower applications investigated manage to compensate 
social support, especially in the case of island projects. Actually 
the marginal - in the case of mainland - net benefit that does not 
exceed 40 €/MWh, increases up to 285 €/MWh and 135 €/MWh 
for wind parks operated in small- and big-scale Greek islands, 
respectively. The exact opposite results are obtained in the case of 
PV applications, where the rather high State support allows for 
counterbalance between costs and benefits only in the case of 
small island regions. On the other hand, mainland PV applications 
demonstrate a net cost of more than 150 €/MWh, while in the 
case of big islands the net cost decreases to almost 70 €/MWh. 
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7.3. Breakdown of financial benefits costs (Fig. 10). Taxes paid by the RES installations examined are 
directly related with investment revenues, mainly configured by 

Following, in Figs. 8-10, a detailed analysis of financial the FIT price and the annual amount of energy production. As a 
benefits is provided based on the breakdown of taxation (Fig. 8), result, there is a common pattern among all three technologies, 
avoidance of TPS/APS operation (Fig. 9) and avoidance of social i.e. a Maximum amount of taxation is encountered in big island 


Breakdown of Financial Benefits from the Operation of 
RES Installations in the Greek Territory -Taxation 


Tax Paid 
BLocal Municipality Tax 


Taxation Fees (Euros/MWh) 


Mainland LGN Mainland NG Big Scale Island | Small Scale Island 


Fig. 8. Breakdown analysis of financial benefits from taxation for representative case studies. 


Breakdown of Financial Benefits from the Operation of 
RES Installations in the Greek Territory -TPS Operation 


& Other Cost Contribution 
Local APS Fuel+M&O Cost 


Avoided Cost of APS/TPS (Euros/MWh) 


Mainland LGN Mainland NG Big Scale Island |Small Scale Island 


Fig. 9. Breakdown analysis of financial benefits from the avoidance of TPS/APS operation for representative case studies. 


Breakdown of Financial Benefits from the Operation of 
RES Installations in the Greek Territory -Social Cost 
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Fig. 10. Breakdown analysis of financial benefits from the avoidance of social costs for representative case studies. 
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regions where higher FITs along with higher CF values (e.g. wind 
energy case) and/or lower initial cost per kW installed (in 
comparison with the small island case where economies of scale 
and more serious infrastructure adequacies increase the specific 
purchase plus installation cost) configure the final result. Besides 
that, owed to the higher revenues per MWh, PV applications 
present taxes that may even approach 20 €/MWh, while on the 
other hand, hydropower stations presenting higher specific costs 
than- and similar FITs with wind farms demonstrate the lowest 
taxable amount of revenues. 

Moreover, avoidance of the TPS operation, shown in Fig. 9 and 
being dependent only on the area of investigation, is as expected 
identical among the three technologies. As a result, lignite-based 
power stations appear to be the least expensive, followed by the 
alternative of NG for the mainland, while concerning islands, 
smaller scale implies higher production costs (see also Fig. 3). In 
fact, in the case study currently considered the production cost of 
the small island APS is found 5-10 times greater than the 
respective of the mainland stations, thus comprising the critical 
factor for the outcome of the cost-benefit analysis of these 
installations, while service period prolongation of the local APS 
(other cost contribution in the figure) in the case of islands, 
although minor should also be mentioned (see also Eq. (9)). 

Analysis of benefits is completed by the social costs’ breakdown 
(Eq. (19)), including the sub-benefits of avoiding energy imports, 
carbon dioxide emissions and externalities related with the use of 
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fossil fuels for electricity generation purposes (Fig. 10). Due to the 
indigenous character of lignite the first of the terms mentioned 
above is eliminated in the first mainland case, nevertheless the total 
cost avoided is found to be greater than the corresponding NG case. 
Actually, heavy COz emissions and severe environmental impacts of 
lignite power stations on a life cycle basis obscure the imports of NG 
[48], which, however, correspond to 70% of the total cost in the first 
mainland case. On the other hand, lower emission factors and less 
environmental impacts caused by NG power station lead to a total of 
75 €/MWh, or 13 €/MWh less than the lignite case. On the other 
hand, oil-based generation adopted in island grids of the Greek 
region is found responsible for extreme values of all parameters 
considered, with the cost of oil imports corresponding to 60% of the 
total 147 €/MWh. 


7.4, Break-even feed-in-tariffs (BEFITs) 


Acknowledging the imbalance between costs and benefits, 
revealed in the previous paragraphs, an attempt is first made to 
determine the break-even point (Eq. (30)), based on the variation of 
existing FITs. In this context, in Figs. 11 and 12 one may obtain the 
BEFITs, either considering an initial cost subsidy (y >0) or not 
(y=0), as well as a comparison of the break-even values with the 
existing FITs. As expected, the higher BEFITs correspond to the 
technology with the highest net benefit, i.e. wind energy, while the 
exact opposite result is valid for PV installations demonstrating 
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Fig. 11. Break-even feed-in-tariffs for representative case studies, with (a) and without (b) initial cost subsidy. 
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Fig. 12. Break-even vs existing feed-in-tariffs for representative case studies with (a) and without (b) initial cost subsidy. 


BEFITs that in the case of mainland correspond to less than 55% of 
the respective wind energy BEFITs. 

Accruing from the maximization of net benefits in the case of 
small island regions, it is impressive to see that although kept slightly 
above 350 €/MWh for PV applications, BEFITs may even reach or 
exceed 500 €/MWh for hydropower and wind energy installations 
(Fig. 11). By zeroing the initial cost subsidy, wind power and hydro- 
power stations are only faintly influenced, while due to their capital 
intensity, PVs are largely affected with the mainland BEFITs found 
above 100 €/MWh and the island ones exceeding 235 €/MWh and 
450 €/MWh (big and small islands, respectively). 

By comparing the results obtained with the existing FITs 
(Fig. 12), one has the opportunity to determine the corresponding 
net difference. Negative values imply that in order for the State to 
achieve break-even between costs and benefits, reduction of the 
existing FITs is required, while furthermore, i.e. in the case of zero 
initial cost subsidy, positive values imply that the State may test 
various scenarios of different initial cost subsidy and FIT values, 
not possible in cases of negative net difference. In this context, the 
existing FITs of PV applications are higher than the respective 
BEFITs, except for the small-scale island case, while it is interest- 
ing to see that due to the appreciable impact that zeroing of the 
initial cost subsidy has on the PV BEFITs, the BEFIT of the big scale 
island case is approximately equal to the corresponding FIT, i.e. 
264.85 €/MWh. 

On the other hand, if the initial cost subsidy is not zeroed, 
the net difference may even exceed — 150 €/MWh. Contrariwise, 


wind energy and hydropower stations present a net difference 
that may be found in the order of 400 €/MWh, clearly showing the 
beneficial characteristics of these installations for the Greek 
society. Actually, it is only in the case of the mainland (mostly 
lignite) and wind energy-hydropower applications that the exist- 
ing FITs are somewhat near the respective break-even values, 
meaning that the State support plan may be considered as 
justifiable for both contributing ends (i.e. the society and the 
private investor). 


7.5. Investigation of the entire PV application range 


Due to the different FITs concerning PVs (see also Tables 1 and 3), 
depending on both the size of the installation and the area of 
application, it is interesting to also examine two additional scenarios 
that could not be included in the initial evaluation of all three 
technologies, mainly due to comparison purposes. The two addi- 
tional cases (three last columns of Table 3) concern two medium 
size PV plants (<5 MW), the first installed on the mainland and the 
second on a big island region, with results obtained given in Figs. 
13-15, where one may also encounter the results of the rest of PV 
applications already examined, again for comparison purposes. As 
one may see (Fig. 13), financial benefits are slightly affected due to 
the marginal increase of taxes, as a result of the increased FITs (plus 
20 €/MWh). The impact of the new FITs is demonstrated more 
clearly in Fig. 14, where the increase of 20 €/MWh is recorded in the 
State support of both the mainland and the big island cases. In fact, 
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Comparative Analysis of Financial Benefits from the 
Operation of PV Installations in the Greek Territory 
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Fig. 13. Breakdown analysis of social benefits for representative PV case studies. 
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PV Installations in the Greek Territory 
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Fig. 14. Breakdown analysis of social support (costs) for representative PV case studies. 


Comparison of Break Even & Existing Feed in Tariffs for 
Various PV Installations in the Greek Territory 
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Fig. 15. Break-even vs existing feed-in-tariffs for representative PV case studies. 


it is interesting to see that total costs of the medium size PV 340-350 €/MWh). As a result, in both cases examined, BEFITs 
installation for the big island case approach the respective amount are faintly reduced either for y >0% or for y=0% (Fig. 15), this 
of the small size installation for the small island case (in the order of implying a greater net difference (negative) with the existing FITs, i.e. 
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Existing Feed in Tariffs Vs Electricity Production Cost Difference 
(TPS/APS minus RES) for Various RES Installations 
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Fig. 16. Comparison of feed-in-tariffs with the electricity production cost difference “Ac” between TPSs/APSs and RES installations. 


medium-scale PV projects of the mainland and big island areas 
appear marginally less effective than the respective large-scale 
projects. 


7.6. Existing FITs vs electricity production cost difference 


Finally, by applying the electricity production cost model, 
presented in Section 5, in Fig. 16 a comparison of results obtained 
(see also Eq. (28)) with the respective FITs is provided. Actually, 
the comparison attempted concerns the net difference “Ac” (for 
zero initial cost subsidy) between the electricity production cost 
of the TPS/APS station and the electricity production cost of the 
respective RES application on the one hand, and between the 
former and the existing FITs on the other hand. In this regard, 
there are two possible outcomes: either the net difference is 
found inferior to the FIT provided by the State (i.e. Ac < po) or the 
opposite (i.e. Ac > po). In the first case, State support yields that 
benefits accruing from the operation of RES stations do not only 
correspond to the reduction of the electricity production cost, 
while in the opposite case it seems that social support fails to 
compensate the investor even at the strictly financial level of 
electricity production cost. In this context, both wind energy and 
hydropower mainland stations are favored with FITs that are 
higher than the production cost net difference, while the situation 
is marginally inversed in the case of big islands. On the other 
hand, the extreme electricity production cost of APSs in small 
island regions does not allow for the investor’s compensation. 
Finally, PV applications presenting a negative production cost 
difference in all cases except for the small island scenario are at 
all times favored by extremely high FITs that only seem justifiable 
in the small island case. 


8. Conclusions 


Acknowledging the need for evaluating the support mechanisms 
for RES in Greece, an extensive cost-benefit analysis is carried out in 
the specific study, in terms of “social justice”. For this purpose, a 
number of representative case studies considering the three main 
RES, i.e. wind energy (wind parks), hydropower (small hydropower 
plants) and solar energy (PVs), are investigated in detail, in order for 
the resulting imbalances between costs and benefits to become 


straightforward. In this context, the beneficial character of wind 
energy and hydropower is designated, while on the other hand, 
surcharging of the Greek State concerning the majority of PV 
applications (apart from certain small island cases) demonstrates 
the urgency for the exploitation of the local solar potential and the 
commercialization of the technology in the Greek market. Ruling out 
a more balanced (between technologies) support plan on the other 
hand socially condemns wind energy and hydropower, especially in 
the case of island projects, i.e. the area where social performance of 
all three technologies calls for at least a partial reform of the current 
support pattern. Considering the above, reform may be undertaken 
on the basis of modifying both the initial cost subsidy and the FITs 
currently applied, taking also into account the distinct character- 
istics among different regions of the Greek territory (e.g. different 
local RES potentials). Nevertheless, for the integration of the analysis 
presented, the impact of cutting down public support - wherever 
this is “socially just” - should also be investigated from the private 
investor point of view. 
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